Abstract: Effects of hot isostatic pressing (HIP) temperature on the microstructural evolution of a nickel-based K002 superalloy containing Hf element after long-term service were investigated using three different soaking temperatures during HIP. The degraded γ′ precipitates represented coarse and irregular morphology after longterm service. These γ′ precipitates still were of coarse and irregular shape, but the size and volume fraction of γ′ precipitates were markedly reduced under HIP condition of 1,190°C/200 MPa/4 h, indicating that the γ′ precipitates were experiencing a dissolution process. Meanwhile, the concentrically oriented N-type γ′ rafting structure around the cavities was formed. With HIP temperature increase to 1,220°C and 1,250°C, the small-sized, cubic and regular γ′ precipitates were re-precipitated, and the concentrically oriented γ′ structure vanished. The unstable morphology induced by the nucleation and growth of γ matrix was found near the creep cavities, indicating that the solute atoms diffused inward the creep-induced cavities during HIP. However, at HIP temperature of 1,220°C and 1,250°C, a large number of blocky MC (2) -type carbides containing amounts of Hf elements were precipitated, demonstrating that HIP treatment at higher temperatures can result in the formation of a large number of blocky MC (2) -type carbides.
Introduction
Nickel-based superalloys are extensively utilized in manufacturing hot section components such as turbine vanes and blades, due to their outstanding microstructural stability and mechanical properties at elevated temperatures [1, 2] . Nevertheless, these components subjected to the combination of high temperature and complex stress during long-term service inevitably encounter various kinds of microstructural degradation, e.g., γ′ coarsening, carbide decomposition, creep cavitation [3] , resulting in the loss of the mechanical properties and hence the service lives for the hot section components. Fortunately, it has been demonstrated that hot isostatic pressing (HIP) rejuvenation technique consisting of HIP and rejuvenation heat treatment (RHT) is an effective method for recovering the microstructure and hence the mechanical properties of superalloys [4, 5] . HIP, subjecting a work piece to both high temperature and gas pressure simultaneously in an autoclave, can be utilized to eliminate creepinduced cavities and casting porosities, while RHT process, consisting of solutioning and aging heat treatments, can be utilized to rejuvenate the degraded γ′ microstructure to its optimal level. The solution heat treatment is designed to dissolve the coarsened γ′ into the matrix, and the γ′ phase re-precipitated during the cooling stage of solution heat treatment can continuously grow as a regular morphology during aging heat treatment [6] .
K002 is a conventional cast polycrystalline nickelbased superalloy which is used to manufacture turbine blades of aero-engine owing to its excellent mechanical properties, especially high-temperature properties. The alloy contains large amounts of refractory elements such as Mo, W, Ta, Cr and Co to prevent local hot corrosion [7] . Besides these, an important element, Hf, is also added to the alloy. Hf can markedly change the casting property of superalloy, increase the lattice misfit between γ and γ′ phases and improve the alloy strength [8, 9] . In addition, Hf element can also change carbide morphology, and increase the amount of γ/γ′ eutectics [8] . Therefore, study of the microstructural evolution of a damaged superalloy containing Hf element in rejuvenation process is extremely meaningful.
So far, HIP rejuvenation technology has been successfully used to extend the service lives of hot section components [10, 11] . However, appropriate rejuvenation schedules primarily varied with the superalloy type and the accumulated service damage. Therefore, a large number of experiments have to be carried out to determine an optimal rejuvenation schedule. Many investigations [12] [13] [14] on the effects of HIP and RHT on the damaged alloy have been conducted in past decades. However, little research work on the γ′ evolution and healing behavior of creep-induced cavities under HIP has been reported. Actually, the γ′ evolution and healing of creep cavities can significantly influence the recovery extent of material properties. In the present work, various HIP schedules are adopted for a turbine blade after long-term service in order to study the effects of HIP temperature on the γ′ evolution and healing behavior of creep cavities to provide favorable experimental evidences for the subsequent RHTs.
Experimental procedures
The samples with a dimension of 7 mm Â 5 mm Â 3 mm were removed from an aero-engine turbine blade which was service-exposed for about 600 h. It was manufactured by K002 superalloy which is a conventional cast polycrystalline alloy with the chemical compositions (wt.%) of 0.15C, 9.0Cr, 10.0W, 10.0Co, 5.5Al, 1.5Ti, 2.5Ta, 1.5Hf, 0.5Mo, 0.5Fe, 0.1V and balanced Ni. The sample serving as an initial metal condition was derived from the blade root where the service temperature was relatively low (~600°C) and long-term service did not cause microstructural degradation. The γ′ solvus temperature for K002 superalloy was measured using a Netzsch STA 449F3-type differential scanning calorimeter as constant heating rate of 20°C/min. Then, the damaged specimens were subjected to three different HIP schedules with cooling rate of about 16°C/min in a laboratory HIP unit (ABB, Quintus), as listed in Table 1 .
For microstructural analysis, the samples were sectioned, ground to 5,000# grit with the SiC paper followed by mechanical polishing using diamond paste. Before observation, the polished samples were etched in a solution of 20 g CuSO 4 , 50 ml HCl and 100 ml H 2 O to obtain a better contrast between γ matrix and γ′ precipitates. A Hitachi S4800 field-emission scanning electron microscope (FESEM) equipped with an energy-dispersive x-ray spectroscopy (EDX) system was utilized to characterize the γ′ morphology in the vicinity of creep cavities and to determine the chemical composition of blocky carbides. The size and volume fraction of γ′ precipitates and carbides were measured using an image analyzer (Image Pro Plus).
3 Results and discussion 3.1 The γ′ precipitate evolution
The original and degraded γ′ morphology
Cuboidal-shaped γ′ precipitates in the virgin superalloy are shown in Figure 1 (a), which can excellently enhance the mechanical properties of superalloy through hindering the dislocation movement [5] . However, these γ′ precipitates were converted from cuboidal into irregular shape after long-term service, as shown in Figure 1 (b). The γ′ precipitates were coalesced with the adjacent ones and their corners became blunt, and some of them were elongated resulting in the fact that the γ matrix channels between the γ′ precipitates gradually diminished. It is indicated that there was remarkable microstructural degradation in the service-exposed sample. The size of degraded γ′ precipitates was somewhat larger than that of initial alloy due to the γ′ coarsening, as seen in Table 2 , but the volume fraction of γ′ precipitates was reduced as compared to that of initial alloy. The γ′ morphological evolution is driven by the reduction of the total internal energy in this system, and the microstructural changes are attributed to the competition between interfacial energy and elastic strain energy between γ and γ′ phases [15] . Before long-term service, the γ′ precipitates present cubic morphology since the elastic strain energy plays an important role in the competition between the interfacial and elastic strain energy. However, with the increase of service time, the contribution of elastic strain energy was gradually reduced, and the coherency between γ and γ′ was also gradually lost, resulting in the formation of irregular γ′ precipitates. the damaged alloy, as given in Table 2 , implying that the γ′ dissolution behavior has played an important role in HIP processing and the residual coarse and irregular γ′ precipitates might be experiencing a dissolution process. When increasing HIP temperature to 1,220°C, the γ′ precipitates were transformed into relatively cubic shape since the temperature of HIP was comparatively close to the γ′ solvus temperature for K002 superalloy, as given in Figure 2(b) . It is demonstrated that the primary γ′ precipitates can be completely dissolved into the γ matrix at HIP temperature of 1,220°C, and subsequently the γ′ phases can be re-precipitated and continuously grow as cubic morphology during the slower cooling stage of HIP, indicating that the elastic strain energy re-dominated the γ′ morphology during the γ′ growth. As HIP temperature was increased to 1,250°C, the γ′ precipitates were evolved to more regular shape, as shown in Figure 2 (c). However, the size of γ′ precipitates under HIP conditions of 1,220°C/200 MPa/4 h and 1,250°C/200 MPa/4 h was remarkably smaller than that of initial alloy, as shown in Table 2 , probably resulting from the insufficient γ′ growth. Therefore, it is necessary for the damaged superalloy to perform subsequent RHTs to obtain more regular and cubic γ′ morphology analogous to the original γ′ microstructure after HIP. However, HIP temperature cannot be excessively high since there is a risk of incipient melting of the superalloy [16, 17] . Figure 4 illustrates the large-sized creep cavities of turbine blade after long-term service, indicating that the blade has suffered serious degeneration. These cavities usually located at the triple junction, the interface between carbides and γ matrix, and grain boundary, can be coalesced with each other, finally leading to the formation of cracks which are quite dangerous for operation.
Morphological characteristics of the HIP creep cavity 3.2.1 Morphology of creep cavity after service

Morphology of creep cavity after HIP
For the sample subjected to 1,190°C/200 MPa/4 h, the socalled concentrically oriented γ′ rafts elongated perpendicularly to the radial direction of creep cavity can be clearly seen in the microstructure around the HIP creep cavities, as shown in Figure 5 (a). However, the γ′ precipitates far away from the creep cavity still present irregular orientations without significant directional coarsening. In our previous work [18] [19] [20] , similar findings have been obtained for K465 superalloy. The concentrically oriented γ′ rafts ought to form when HIP temperature is not high enough to dissolve γ′ precipitates into the matrix in a large amount. It is sure that the evolution of the concentrically oriented γ′ rafts was complicated. The most probable reason could be explained as follows. The γ′ precipitates around the creep cavity were elongated under a complex stress field when the applied hydrostatic pressure was kept at P h . The complex stress field can be simplified by a thick spherical shell model as follows. According to the Lame solution of elasticity theory [21] , the triaxial stress state can be decomposed into three principal stress components, including a radial component σ r and two tangential components σ θ and σ φ at a spherical polar coordinate. They can be expressed by the following equations:
where r is the radial distance from the cavity center, R i and R e are the internal radius and external radius of the shell, respectively. An effective stress σ eff can be then obtained by the radial component σ r and the tangential components σ θ and σ φ in accordance with the definition of Von Mises stress as follows:
Therefore, the complex stress state can be equivalently expressed by the effective stress σ eff which actually represents a uniaxial tensile stress state in the radial direction, and it is found that there was a negative stress gradient around the cavity for σ eff . In addition, the nickel-based superalloy before HIP usually had a negative value of the lattice misfit between γ matrix and γ′ precipitates owing to long-term service [22] . The preferential coarsening of γ′ precipitates was directionally arranged with a parallel direction (P type) or normal (N type) to the applied stress. According to Peng et al. [23] , the γ′ precipitates would be elongated perpendicularly to the tensile stress direction when the lattice misfit was negative, which exhibited Ntype γ′ rafting. Therefore, the concentrically oriented γ′ was N-type rafting. Meanwhile, the negative stress gradient near the cavity resulted in a chemical potential gradient causing the solute diffusion. Hence, the solute atoms were diffused inward the cavity replacing the vacancies. The concentrically oriented γ′ rafting only formed in the healing regions of creep-induced cavities, and it did not occur in the regions far away from the creep cavities. It was indicated that HIP at 1,190°C was insufficient to completely heal creep-induced creep cavities, implying that these cavities were experiencing a healing process. As observed in Figure 5 (b), the similar concentrically oriented γ′ rafting structure was also found, whereas creep cavity can be hardly observed. It is probable that some relatively small creep cavities in the sample subjected to 1,190°C/200 MPa/4 h had been completely healed, while the concentrically oriented γ′ rafting had not sufficiently vanished through solute diffusion.
When increasing HIP temperature to 1,220°C which was extremely close to the γ′ solvus temperature for K002 superalloy, large amounts of creep-induced cavities had been healed and only a few small-sized cavities on grain boundary can be occasionally observed, as shown in Figure 6 (a). The remnant cavity was generally located on the surfaces of γ/γ′ eutectics or carbides which were also the favorable nucleation positions for creep cavity owing to their different coefficient of thermal expansion with γ matrix during service [24] . Meanwhile, the concentrically oriented γ′ rafting around the cavity vanished since HIP at the sufficiently high temperature leads to the complete dissolution of γ′ precipitates into the γ matrix. Under HIP condition of 1,250°C/200 MPa/4 h, there were hardly large-sized creep cavities in the HIP sample. There still existed some small-sized creep cavities incompletely healed near γ/γ′ eutectics, and the cubic γ′ precipitates around the cavities were re-precipitated during the cooling stage of HIP, as shown in Figure 6(b) .
Besides, some unstable morphology at the neck was observed indicating a healing feature of cavities during HIP. The morphological instability was analogous to the classical Rayleigh instability of a fluid cylinder under surface tension [25] . It is probably that some healed interfaces between the opposite surface of the cavity might also form when HIP temperature exceeds the γ′ solvus temperature due to the similar results found in our previous work for K465 superalloy [18, 19] . Therefore, it can be inferred that the solute atoms diffused inward the cavity to nucleate and grow the γ matrix in order to heal the creep cavities.
Carbide changes before and after HIP
HIP treatment for K002 superalloy containing Hf seems to contribute to the formation of large amounts of blocky carbides, as shown in Figure 7 . However, the phenomenon was not found in our previous work for K465 superalloy. The EDX results show that, as given in Table 3 , main elements of carbides before HIP are Ta, W, indicating that the carbides are MC (1) type [17] . However, after HIP main elements of carbides are changed to Ta and Hf, Hf atoms have diffused into the carbides to substitute for W atoms to form MC (2) -type carbides. The longer holding time of HIP might lead to the formation of lots of blocky carbides since Hf can be amply combined with C to form the MC (2) -type carbides. Figure 8 shows the changes of volume fraction of carbides for 
Conclusion
In this paper, the microstructural evolution of a damaged K002 superalloy containing Hf element under different HIP schedules was investigated. It was found that the γ′ precipitates represented coarse and irregular shape after long-term service, and these degraded γ′ precipitates were not completely dissolved into the γ matrix and still exhibited the coarse and irregular morphology under HIP condition of 1,190°C/ 200 MPa/4 h. Meanwhile, the concentrically oriented N-type γ′ rafting near the creep cavities formed. As HIP temperature was increased to 1,220°C and 1,250°C, cubic and regular γ′ precipitates were observed, but their size was comparatively small. Meanwhile, the concentrically oriented γ′ rafting structure also vanished, and the unstable morphologies at the neck formed in the vicinity of the HIP cavities, which were induced by the nucleation and growth of γ matrix. It is concluded that the healing behavior of creep cavities was controlled by solute diffusion, resulting in the nucleation and continuous growth of γ matrix on the cavity surface to heal the cavities. Meanwhile, there were large amounts of blocky carbides precipitated during HIP at higher temperatures, indicating that HIP treatment at higher temperatures can promote the precipitation of a large amount of blocky carbides.
